A novelamphiphile, 4'-l~ropoxybiphenyl-4-methyl-N,N-dimethylamineoxide, has been synthesized, crystallized (P21/a, a = 9.084 A, b = 8.911 A, c = 22.460 A, fl= 96.224 °) and its crystal structure was determined. The amphiphile forms a bilayer in which the amineoxide oxygen of each molecule binds two water molecules. In the hydrophobic part of the bilayer the biphenyls form edge-to-face contacts, in the polar layer there is a hydrogen bonding network. The potential use of the compound as a detergent for membrane proteins has been demonstrated and the relevance of the amineoxide hydrate for other detergents discussed.
Introduction
Mixed protein-detergent micelles with functionally intact proteins are a prerequisite for chromatographic purification procedures and for crystallization experiments of integral membrane proteins. Of these, only two classes have been analysed with X-ray crystallography at high resolution: reaction centres [1, 2] and porins [3] [4] [5] . Lauryldimethylamineoxide has been used successfully for the purification and crystallization of reaction centres, light harvesting comPlexes and porins of purple bacteria [6] [7] [8] [9] .
Amphiphiles with a novel hydrophobic part consisting of a short alkyl chain and a rigid biphenyl group have been used as mild detergents to solubilise integral membrane proteins [10] . Several amphiphilic compounds with alkylbiphenyl groups coupled to polyethyleneoxide-, amineoxide-and maltoside polar groups have been synthesized [11] .
Here we report the crystal structure of one of these, 4'-propoxybiphenyl-4-methyl-N,N-dimethylamineoxide (PBIPAO) which is useful as a detergent for solubilising membrane proteins.
Materials and methods

Synthesis of 4'-propoxybiphenyl-4-methyl-N,N-dimethylamineoxide (PBIPA O)
4'-Propoxybiphenyl-4-N,N-dimethylmethanamide was synthesized using 4'-hydroxybiphenyl-4-carbonic acid (kindly provided to us by Dr. E. Poetsch, Merck, Darmstadt, Germany), propyl bromide and dimethylamine [12, 13] . A further intermediate was 4'-propoxybiphenyl-4-methyl-N,N-dimethylamine, which was converted to the amineoxide.
The final compound was checked for purity by thin-layer chromatography and proton NMR spectroscopy. The melting point was 162 ° C, the critical micellar concentration was found to be 0.42 + 0.02 mM by surface tension measurement.
Test for detergent (solubilization) activity
The solubilization capacity for membrane proteins was tested with two proteins, the B800-850 complex and the reaction centre-B875 complex from Rhodopseudomonas palustris. After solubilising and purifying the protein in a conventional detergent, it is bound to a small anion exchanger column. The column is washed free of detergent and then equilibrated with a buffer of low ionic strength, containing the amphiphile at 5-fold of the critical micellar concentration. An amphiphile is a solubilising detergent, if it elutes the protein from the column immediately after increasing the ionic strength in the buffer to about 0.5.
Crystallization
A saturated solution of PBIPAO was prepared in an equimolar mixture of water and methanol at room temperature. Due to evaporation of methanol small crystals or precipitates formed. Methanol then was added so that the solution just became clear. After further slow evaporation overnight, large crystals (up to 50 x 2000 X 4000 /zm) grew as flat sheets.
Crystal data ClsH23NO2o-2H20; mol wt. (2) 7349 (1) 57 (1) C8 5910 (3) 1322 (3) 7253 (1) 57 (1) C9 4710 (3) 1416 (3) 7574 (1) 54 (1) El0 8235 (3) 49 (2) 7011 (1) 60(1) Cll 9545 (3) -629 (3) 7250 (1) 71 (1) C12 10761 (3) -760 (3) 6940 (1) 56 (1) C13 10714 (3) -181 (3) 6372 (1) 62 (1) C14 9438 (3) 521 (3) 6123 (1) 73 (2) C15 8230 (3) 633 (3) 6438 (1) 62 (1) C16 13149 (3) .-1085 (4) 6233 (2) 58 (1) C17 14171 (5) --1053 (5) 5764 (2) 75 (2) C18 13601 (6) --1881 (6) 5218 (2) 121 (3) N1 3257 (2) 1382 (2) 8908 (1) 33 (1 1957 (35) 1459 (32) 10001 (17) 86 69 (1) 51 (1) 6 (1) 0 (1) 9 (1) 48(1) 67 (2) 3 (1) 8 (1) 51 (1) 1 (1) 9(1) -3(1) 37 (1) 52 (1) 1 (1) 7 (1) 11 (1) 35(1) 40 (1) 46 (1) 9 (1) 0 (1) 3 (1) 52(1) 53 (1) 5 (1) 0 (1) 11 (1) 38(1) 44 (1) -4(1) 1 (1) 2 (1) 53(1) 45 (1) 1 (1) 0 (1) 11 (1) 66(1) 57 (2) 0 (1) 0 (1) 14 (1) 53(1) 57 (2) 0 (1) 8 (1) 5 (1) 74(1) 48 (1) 15 (1) 11 (1) 8 (1) 60(1) 51 (1) 6 (1) 2 (1) 11 (1) 98(2) 77(2) -7(1) 3(1) 4(1) 126 (3) 116 (3) 19 (2) 32 (2) 17 (2) 186(5) 86 (3) 14 (3) 35 (3) 30 (3) 46(1) 46 ( 
Structure determination and refinement
The structure was solved by direct methods using SHELXS-86 [15] . The solution with the best figure of merit (Cfo m = 0.118) showed the characteristic atomic arrangement of the biphenyl moiety and gave R = 0.323. Isotropic refinement of the heavy atoms with SHELX-76 converged at R = 0.164. All hydrogen atoms were found in difference maps and included in the model, they were assigned the isotropic temperature factors of the heavy atoms to which they were bonded. On further refinement of positional parameters of all atoms and anisotropic temperature factors of the heavy atoms, the R-factor reduced to 0.069. Positions and temperature factors of all atoms are given in Table 1 .
C C
Results and discussion
PBIPAO solubilised the B800-850 complex and the reaction centre-B875 complex of Rhodopseudomonas palustris, two integral membrane protein complexes [16] . It is thus useful as a detergent for membrane proteins. Fig. 1 shows the conformation of PBIPAO in the crystal. The N-O bond is pointing away from the hydrophobic part of the molecule towards the two hydrogenbonded water molecules. The torsion angle O2-C16-C17-C18 of the propyl chain amounts to 69 ° . The two phenyl rings are twisted against each other by 27.5 ° .
In the crystal (Fig. 2) , the amphiphilic PBIPAO molecules form a bilayer with a thickness of 22.4 ,~ (corresponding to the unit cell c-axis) which segregates the polar ends of the molecules into a 7 ,~ wide polar and a 15.4 A wide hydrophobic layer. Each amineoxide oxygen accepts two hydrogen bonds, one each from the two water molecules (see Table 2 ). One of these two hydrogen bonds binds to a water molecule of the opposite PBIPAO layer, thus creating the crystal contact to this layer (unit cell c-direction). The other hydrogen bond forms an angle of 95.0 ° with the former and connects to a water molecule in the same layer to which the oxygen atom belongs (b-direction). Each of the two water molecules donates bonds to Fig. 1 . Ball-and-stick model [17] of PBIPAO with two hydrogen-bonded water molecules. and accepts bonds from symmetry related waters, so that the 4 water molecules interdigitated between each pair of amineoxide oxygens (see Fig. 2 ) are part of an infinite zig-zag chain of waters along the a-direction of the crystal (not shown).
The biphenyl groups are not stacked parallel in van der Waals contact according to the optimal packing requirement. Instead, phenyl rings of adjacent groups are roughly at right angles to each other and show edge-to-face contacts as often found in proteins and oligopeptides [18] . This arrangement is favoured due to the orientational dependence of the quadrupole-quadrupole interaction of both rings. The strong tendency of PBIPAO to form lamellar liquid crystalline phases [19] may be due to this interaction.
The two phenyl rings are linked by a single bond so that they are free to rotate against each other [20] . However in the coplanar conformation there is sterical strain due to the hydrogens at C6, C8, Cll and C15. While in the vapor phase and in the liquid phase the two phenyl rings in biphenyl are twisted by 44 other, respectively, in czystals the twist angle depends upon packing requirements which can be modified by substituents at positions adjacent to the C7-C10 bond.
Biphenyl was found planar [20, [23] [24] [25] in spite of the steric strain, while substituted biphenyls showed twist angles between 21 ° and 54 ° [26] [27] [28] [29] [30] [31] [32] .
In case of a loose packing due to a clathrate structure [33] , biphenyl showed a ring twist of 33 ° , close to the value in the present work and in the liquid state. The space available in the clathrate cage and in the rigid hydrogen bonding network of our crystal possibly does not require tight packing of the biphenyl groups. A twist of both rings is thus possible, which relieves the strain of the coplanar conformation.
The free space available to the propoxybiphenyl group in presence of the strongly hydrated N-linked oxygen is so large, that the former group is tilted with respect to the surface of the polar phase by 45 ° . The tighter packing of the former group which is thus possible is used to form the energetically favourable edge-to-face arrangement. A tilt of the hydrophobic group is also found in the L~-phase of phospholipids [34] . The tilt indicates an overall conical shape of the hydrated molecule, so that in a different arrangement PBIPAO could also from micelles. Indeed we found a critical micellar concentration of 0.42 mM and solubilization capacity for membrane proteins. Amineoxide groups in micelles of lauryldimethylamineoxide are hydrated to a similar degree (approx. 2.5 water molecules per group) [35] . In single-chain lipids [36] and carbohydrates [37] close packing of interdigitated all-trans alkyl chains frequently contributes to the crystal contacts. The interacting biphenyls seem to interfere with this arrangement, as the propyl chain at the apolar end assumes a twisted conformation with increasing temperature factor coefficients towards the terminal methyl group (see Table 1 ).
The poor solubilising capacity and mildness of some other biphenyl detergents for membrane proteins [11] may to be due to the energy of the quadrupole interaction of the biphenyl group. In conventional detergents the hydrophobic parts of the molecules interact only by hydrophobic interactions by which they also bind to the hydrophobic surface of the protein. In contrast, proteins do not possess suitably arranged biphenyl groups at their surface so that the biphenyl detergents in contact with the protein possess an unfavourable surface energy as compared to those in the bulk micellar phase.
In contrast to amineoxides, carbohydrates have both hydrogen bonding donors and acceptors. Crystals of carbohydrate amphiphiles thus tend to exclude water molecules [ [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . The lack of suitable hydrogen bonding donors in amineoxide compounds explains the requirement for the inclusion of water molecules into their crystalline lattice.
